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Doping profiles are engineered to manipulate device properties and to determine 
electrical performances of microelectronic devices frequently. To support engineering 
studies afterward, essential information is usually required from physically characterized 
doping profiles. 
Secondary Ion Mass Spectrometry (SIMS), Spreading Resistance Profiling (SRP) and 
Electrochemical Capacitance Voltage (ECV) profiling are standard techniques for now to 
map profile. SIMS yields a chemical doping profile via ion sputtering process and owns a 
better resolution, whereas ECV and SRP produce an electrical doping profile detecting 
free carriers in microelectronic devices. The major difference between electrical and 




. At the 
profile region over the solubility limit, inactive dopants induce a flat plateau and detected 
by electrical measurements only. Destructive techniques are usually designed as stand-
alone systems to study impurities. For an in-situ process control purpose, non-contact 
methods, such as ellipsometry and non-contact capacitance voltage (CV) techniques are 
current under development.  
In this theses work, terahertz time domain spectroscopy (THz-TDS) is utilized to achieve 
electrical doping profile in both destructive and non-contact manners. In recent years the 
Terahertz group at Rochester Institute Technology developed several techniques that use 
terahertz pulses to non-destructively map doping profiles. In this thesis, we study a 
destructive but potentially higher resolution version of the terahertz based approach to 
map the profile of activated dopants and augment the non-destructive approaches already 
developed. The basic idea of the profile mapping approach developed in this MS thesis is 
to anodize, and thus oxidize to silicon dioxide, thin layers (down to below 10 nm) of the 
wafer with the doping profile to be mapped. Since the dopants atoms and any free carriers 
in the silicon oxide thin film are invisible to the terahertz probe this anodization step very 
effectively removes a ‘thin slice’ from the doping profile to be mapped. By iterating 
between anodization and terahertz measurements that detect only the ‘remaining’ non-
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oxidized portion of the doping profile one can re-construct the doping profile with 
significantly higher precision compared to what is possible by only a single non-
destructive measurement of the un-anodized profile as used in the non-destructive version 
of our technique.    
In this MS thesis we explore all aspects of this anodization based variation of doping 
profile mapping using free space terahertz pulses. This includes a study of silicon dioxide 
thin film growth using a room temperature electrochemical oxidation process. Etching 
procedures providing the option to remove between successive anodization and terahertz 
measurement steps. THz-TDS measurements of successively anodized profiles will be 
compared with sheet resistance and SIMS measurements to benchmark and improve the 
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Chapter 1: Introduction 
1.1 T-rays: Brief overview  
Terahertz (THz) radiation (T-rays) as shown in figure 1.1, lies in frequency gap of the 
infrared and microwaves region of the electromagnetic spectrum, typically referred the 
frequencies from 0.1 THz to 30 THz (1 THz = 10
12
 cycles per second). Historically, the major 
use of THz spectroscopy has been by chemists and astronomers in the spectral characterization 
of the rotational and vibrational resonances and thermal emission lines of simple molecules due 
to low photon energies and long wavelengths [1, 2].  The background noise (which is room 
temperature energy i.e. 25 meV at 6 THz) resulted from incoherent light limits the generation 
and detection of THz rays to implement this technique in earlier days. The first prototype of THz 
system was developed in 1985 and used for scientific purposes as described in chapter 2. These 
days the THz technology is being used in wide variety of applications such as, information and 
communications technology (ICT), biological and medical sciences [3-6], non-destructive 
evaluation, homeland security [7-9], quality control of food and agricultural products [10,11], 
global environmental monitoring and ultrafast computing etc. [12]. 
Development of THz-TDS, THz imaging & high power THz generation by non-linear 
effects are the few breakthroughs to push the THz research into the center stage. These tools are 






Figure 1.1 The electromagnetic spectrum. 
Electromagnetic spectrum of free carrier absorptions for two doping level is shown in 
figure 1.2. THz spectroscopy is having advantages over microwave detected photo conductance 
decay (µW-PCD) [13] and Fourier transform infrared spectroscopy (FTIR) [14], which lies in 
between microwave and infrared regions respectively. In MIR (Mid-Infrared), NIR (Near Infra-
red) and visible regions, photons have large energy to see the features like impurity absorption, 
phonon or inter-band transitions, thus difficult to study the behavior of free carriers in these 
regions. For example, FTIR is generally used to study molecular vibrations and impurity 
absorption. Lower frequencies in the far infrared range, namely microwave and terahertz 
emphasize the behavior of free carriers and sometimes phonons and allow studying these 
features. 
This research aims to study the free carriers in silicon using THz wavelengths and utilize 
it to develop a metrology to map the doping profile via a destructive technique of anodic 
oxidation. The same method can be utilized to study free carriers in other semiconductor 













) silicon covering electromagnetic spectrum from the microwave to 
the visible. This plot clearly explains why THz is optimal spectral window for silicon for 
metrology purpose. SiO2 refers to silica clusters and ‘ph’ represents phonons [15]. 
Microwave region photons have low energy; so, THz frequencies play a pivotal role to 
study pure behavior of free electrons.  Figure 1.3 shows the susceptibility of the free carrier 









From figure 1.2, there is virtually no contrast in the spectra except the absorption for these two 
doping level (therefore sensitivity to doping levels can be detected), however excellent contrast 
in the THz range and low to moderate contrast in microwave range. The slope of this plot (i.e. 
dispersion) even matters more, the dispersion is of critical importance for a metrology of the kind 
proposed here since it is the differences in the transmittance, reflectance, absorbance and phase 
delay of different adjacent frequencies (in a single broadband pulse) through the specimen. These 
likely features make THz-TDS an excellent metrology tool to monitor the electrical performance 
of the device that can be potentially utilized as inline process control in the semiconductor 
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fabrication processes. Comparing with methods µW-PCD, which provides the single frequency 
information, THz spectrum contains the multiple frequency information, which could potentially 
be used for complicated applications. 
 









 as a function of wavelength. Note that the free 
carrier absorption is very weak above THz frequencies. At lower frequencies (< 0.1 THz), 
there is free carrier absorption, however the dispersion is negligible relative to THz 
frequencies [15].   
1.2 Research Motivation 
The motivation of thesis is to design a metrology to predict the electrical doping profiles 
in semiconductor devices utilizing the outstanding information hidden in THz frequencies. These 
days mainstream characterization techniques to map doping profiles are designed as stand-alone 
systems, due to which it is difficult to have feedback measurements in a timely manner. This 
THz-TDS system enables us to consider a virtually non-contact option. In 2012 the USA 
photovoltaic Manufacturing Consortium (PVMC) embarked on a campaign with 38 separate 
organizations from industries, labs and academia to identify and prioritize the critical challenges 
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in c-Si (crystalline silicon) metrology.  One of the key challenges in the cell production 
metrology challenges is “High-throughput evaluation of emitter doping process (e.g., doping 
uniformity, resistivity mapping, junction depth, measuring doping profile on a textured surface)”. 
SIMS (Secondary Mass Ion Spectrometry) [16, 17], SRP (Spreading Resistance profiling) [18, 
19] and ECV (Electrochemical Capacitance Voltage) [20, 21] are widely used standard 
techniques in industries to determine doping profile, however these could not fulfill the high-
throughput assessment so far. Differ from these techniques; THz-TDS, the only broadband 
technique utilized as an optical metrology to attain doping profile with few advantages as below 
[15]: 
 Non-contact (due to optical method) 
 High sensitivity to carrier concentrations 
 High resolution 
 Measures both amplitude and phase shift and additional information (mobility, lifetime of 
carriers etc.) 
 Measure rapidly with high accuracy 
Non-contact metrology tools would open the new excited area to increase the throughput 
production through in-situ process control with real-time feedback in industries. Therefore, THz 
technique motivates us to develop an alternative metrology to map doping profile for the inline 
process monitor purpose. 
1.3 Summary of other existent standard techniques 
For the realization of semiconductor devices of optimum performance and reliability the 
accurate knowledge of the doping profile is indispensable. For comprehensive characterization, 
not only the dopant distribution but also the concentration of free carriers must be determined. 
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Carrier profiling in connection with dopant profiling provides information about the electrical 
activity of impurities.  
Figure 1.4 briefly describes the common existent techniques to determine doping profiles. 
The most reliable high resolution technique is SIMS, a destructive way, however widely used in 
semiconductor industries for doping profile measurement. Its popularity stems from unparalled 
sensitivity (down to ppb, parts per billion levels) and its potential to detect all species of interest. 
The results are quite encouraging in that the depth scale can be determined within a precision of 
10% and the concentration scale (provided an appropriate standard is available) within 15%. This 
is quite expensive, slow and gives chemical doping profile as opposed to electrical one. 
Spreading Resistance Profiling (SRP) or Spreading Resistance Analysis (SRA) [22] 
analyzes resistivity vs depth (surface carrier concentration vs depth) in semiconductors. This 
method provides the electrically active doping profile as compared to chemical doping profile 
similar to SIMS. Electrical characterization of dopant profiles forms an essential part of this 
process. SRP is in principle a very simple method, which determines the resistance between two 
tips on a beveled surface. This process is repeated when the tips are stepping down the bevel 
such that ultimately the spreading resistance as function of depth is obtained. The inherent 
geometrical resolution is determined by the step size of the probe tips (1-2.5 µm), and the 
magnification provided by the small bevel. SRP is limited to silicon and few other 
semiconductor materials, whereas SIMS can profile the atomic concentration of almost anything. 
Relative to SIMS, SRP provides less spatial resolution therefore more convenient for deeper 
junctions. The attractiveness of SRP is that it provides unchallenged sensitivity (down to the 10
11
 
level) for every dopant which is electrically active. Tan et al [23] has published the work of 
measuring ultra-shallow junction of 121 nm using SRP and obtained a reasonable agreement 
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with the result from SIMS. For deep profiles the technique is well established and good 
agreement with SIMS. However, for shallow carrier profiles the situation becomes more critical. 
In applications toward very shallow profiles, SRP always produces junction depths shallower 
compared with SIMS. SRP is limited if junctions less than 100 nm deep are to be characterized. 
In addition, the proper application of improved experimental techniques for sample preparation 
and probe conditioning in connection with an advanced analysis of the measured raw data is 
required in order to obtain reliable results by SRP.  
 
Figure 1.4 Standard characterization techniques to measure the doping profiles [15]. 
One of the major limitations of SRP is its sensitivity to probe conditioning and the need 
for calibrating the probe contact. An elegant and alternative method which does provide 
quantitative results is the capacitance-voltage technique (C-V) [22]. The method relies on the 
fact that the width W of a reverse biased region is proportional to the applied bias V. In 
Capacitance Voltage (CV) measurement, a metal-semiconductor (Schottky) junction is formed 
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with the sample and capacitance is measured at various voltages to infer the substrate properties 
using theoretical model (Shockley or depletion approximation model [24]) together with 
empirical correction factors. Profiles based on this method are acceptable for sufficiently shallow 





) limit this technique due to a thin space charge region formed by applied voltage.  
The ECV technique exploits this strength via cycling etching step with CV measurement 
in process. It is slow and destructive; still it is more accurate than the conventional capacitance 
voltage method. The electrochemical capacitance-voltage technique (ECV) is well established 
and widely used for carrier-concentration profiling of III/V semiconductors. The strengths of this 
method are simple sample preparation, direct correspondence of the measured magnitudes to 
concentration and depth, and virtually unlimited profiling depth. ECV is best suited for the 
characterization of shallow doping profiles. Therefore, this technique is particularly attractive for 
scaled-down devices in advanced IC technology.  
The other technique is Ellipsometry (IR ellipsometry), which measures the doping profile 
as a non- contact and non-destructive way. An Ellipsometry technique is good at studying thin 
films such as anti-reflective coatings or passivation layers [25]. The existing UV-visible-near 
infrared ellipsometer have a significant disadvantage over the THz light as described in earlier 
section. Commercial FIR/THz ellipsometer doesn’t exist, however Woollam Corporation and 
collaborators are trying to build the one [26, 27].  
With respect to dopant profiling, secondary ion mass spectrometry (SIMS) is the most 
universal and sensitive technique with the potential to satisfy the criteria mentioned above. 
However, concern can be raised regarding the depth resolution and in particular regarding the 
quantification near the surface and in multilayer profiles.  
9 
 
Therefore, to measure electrically active doping profile, we have developed a new 
metrology which is non-contact, however destructive (electrochemical anodic oxidation) using 
THz-time domain spectroscopy in this theses research work.  
1.4 THz Spectroscopy system (operating principle of THz-TDS) 
Terahertz spectroscopy allows a material’s far-infrared optical properties to be 
determined as a function of frequency. This information can provide an understanding of 
material characteristics for a wide range of applications. It can be designed, either as reflection 
mode or transmission mode. We have utilized transmission mode in this research. A typical THz-
TDS setup is shown in figure 1.5 (a) based on photoconductive antenna to generate and detect 
THz radiation.  The principle of THz-TDS starts with a femtosecond laser producing an optical 
pulse train (~250 fs, 835 nm) by a mode lock achieved Titanium-sapphire laser. As generated 
optical pulse divides into two paths. One part (Path A) reaches the THz emitter (i.e. 
photoconductive antenna, semiconductor wafer or nonlinear crystal), where the optical pulses are 
transformed into THz radiation (ultrashort electromagnetic pulses). The THz emitter is shown in 
figure 1.5 (b).  These excited THz pulse is collimated by a high resistivity hemispherical silicon 
lens and travels in free space (purged with nitrogen or compressed air to decrease the humidity) 
before reflecting from a parabolic mirror. A couple of parabolic mirrors as shown in the diagram 
used to focus the THz waves onto an ultrafast terahertz detector (for example a low-temperature-
grown GaAs photoconductive switch or an electro-optic crystal). The other part (Path B) of the 
pulse from beam splitter is also delivered onto the detector as a reference signal after passing 
through a delay stage. A sample holder is located for the reference and sample measurements 
between the two parabolic mirrors, which causes a time delay and a reduction in the THz pulses 
magnitude. The reference THz pulse is measured considering air as a reference or can be 
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measured without the sample (only substrate). We determine both magnitude and phase 
information of the spectra (the absorption and refractive index (and therefore σ) of the sample) 
without using Kramers-Kronig relations. 
THz-TDS has a numerous advantages over incoherent techniques [28]: 
(i) able to extract the complex optical properties  (refractive index) of a material without 
doing theoretical calculations using  Kramers-Kronig relationship; 
(ii) capability of removing Fabry-Perot reflections in thick substrates by windowing the 
time-domain data;  
(iii) the time-resolved photoconductivity on picoseconds time scales can be measured in a 
non-contact way; 
(iv) the time-gated detection of THz pulses allows all spectrometer components to be 








Figure 1.5 (a.) THz-TDS experimental setup. (b.) Operating principle for generating the 
THz radiation (Photoconductive Antenna). 
However, there are disadvantages of the THz-TDS setup, which includes high cost of 
ultrafast laser. Apart from it, the bandwidth is not as broad as the commercially available FTIR. 
The other drawback includes the position of reference mirror which needs to be precisely 









1.5 THz Applications   
THz imaging has wide range of practical applications [31-36]. THz waves transmit 
through various materials that block light, however THz gives higher imaging resolution than 
microwaves. The THz beam can be focused using lens or mirrors to obtain the images by 
scanning the beam. The imaging resolution is defined by the THz beam diameter. Higher-
frequency components need for better imaging resolution, but still not adequate for nanoscale 
applications. 
There are lots of examples of materials evaluation; including inspection of silicon solar 
cells, nanocomposites, dielectric and polymer films [37-39]. THz TDS is already capable of 
evaluating various semiconductor wafer properties (few are described in this theses), such as 
mobility, wafer thickness, conductivity, carrier density etc. [40, 41]. THz imaging has also been 
used to inspect the space shuttle foam insulation as a non-destructive evaluation method. Due to 
THz sensitivity to moisture, this feature could be used to monitor water content in vegetables and 
fruits.  
Almost all explosive and narcotic have a distinct feature in their THz spectra, allowing 
THz spectroscopy useful for security applications. These signatures allow the identification of 
many chemicals in a non-destructive way via their transmission spectra. Concisely, it is likely to 
distinguish illegal drugs and explosives using THz-TDS. As waves below 3.0 THz (wavenumber 
100 cm
-1
) can normally pass through envelopes, which allows to identify materials inside the 
mail without having to open it through THz multispectral images and component spatial-pattern 
analysis [42].  
Experiments with optical-pump THz-probe systems reveal additional information (carrier 
dynamics) about materials [15]. An ultrafast optical pulse (visible light) is used to excite the 
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materials, followed by THz pulse to probe the dynamic far-infrared optical properties of the 
materials. Leitenstorfer et al. used an optical-pump THz-probe system to study and identify the 
charge-charge interactions in electron-hole plasma excited in gallium arsenide (GaAs) 
semiconductor material. This study provides experimental evidence to quantum-kinetic 























Chapter 2: Background and theory 
2.1 Literature review of applications of THz techniques 
We briefly describe the history of terahertz spectroscopy as depicted in figure 2.1. The 
experimental physics of generating and detecting broadband THz pulses started with the 
discovery of the Austin switch in 70’s [44] and developing in new directions like air plasma 
generation [45]. In 1985, the first THz spectroscopy set up was designed and implemented in 
diversified research areas as described earlier in chapter 1. Z-omega designed and developed first 
commercial THz-TDS and brought into the market through continuous technology innovation. 
 
Figure 2.1 Brief summary of THz techniques history [15]  
Relative to THz-TDS, the TRTS (Time Resolved Terahertz Spectroscopy) is used to 
study transient carrier dynamics in materials by measuring up to sub picosecond level, which 
allows studying fundamental science using TRTS. Few examples include such as studying bulk 
semiconductors, semiconductor heterostructures, superconductors, polymer-fullerene 
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heterojunctions, dye sensitized nanoparticles and more [46]. In this work, we have utilized 
transmission mode THz-TDS to study the free carriers in silicon. 
Development of THz time-domain spectroscopy (THz-TDS), THz imaging, and high 
power THz generation by means of nonlinear effects are the few major breakthroughs, which 
have brought THz research into the center stage. THz techniques are far better than to 
conventional tools for studying and examining a wide variety of materials and have better 
resolution than any other methods. 
Photonics has played a key role to the realization of various important THz devices like 
the development of the quantum cascade laser (QCL) which provides a powerful continuous 
wave (c.w.) THz source and the uni-travelling-carrier photodiode (UTC-PD) uses a photomixing 
technique to produce sub-THz waves for applications such as wireless communication [47]. 
Moreover, recent advances in high frequency electronics performance have also furthered 
terahertz technology.  Semiconductor and superconductor logic circuits are already been 
operating at higher frequencies than 0.1 THz (100 GHz). Recently developed solid state 
electronic devices for example resonant tunnelling diodes and THz single-photon detectors, as 
well as the conventional Schottky barrier diodes (SBDs), continue to move into the THz 
frequencies at the same time [47]. 
2.2 Generation and detection of T-rays  
2.2.1 THz Sources  
THz sources may be classified as incoherent thermal sources, broadband pulsed 
techniques or narrowband continuous-wave methods [47].  
(a.) Broadband THz Sources 
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Most broadband pulsed terahertz (THz) sources are designed on the excitation of 
semiconductor materials with ultrashort pulses. Numerous mechanisms have been developed to 
generate THz radiation, including plasma oscillations, photocarrier acceleration in 
photoconducting antennas, electronic non-linear transmission lines, and second-order non-linear 
effects in electro-optic crystals [47]. The conversion efficiencies is quite low in all of these 
sources, and subsequently THz beam power tends to be in the micro watt region, whereas the 
femtosecond optical source average power is in the range of 1-2 Watts.    
Optical rectification and Photoconduction are the widely used approaches to generate 
broadband pulsed THz beams. Few examples of photoconductors include high-resistivity GaAs, 
InP and radiation-damaged silicon wafers, whereas GaAs, ZnTe, and organic crystals such as the 
ionic salt DAST are the optical rectifiers. Metallic electrodes (i.e. gold) are used to bias the 
photoconductive gap and form an antenna. 
The mechanism to generate THz waves in photoconductive antenna initiates by an 
ultrafast laser pulse (with a photon energy greater than the bandgap of the semiconductor 
material hν ≥ Eg), creates e-h pairs in the photoconductors. Due to static bias field, the free 
carriers accelerate to generate a transient photocurrent in the photoconductor, and the fast, time 
varying current emits electromagnetic terahertz radiations. The resultant THz wave’s intensity 
and bandwidth depends upon various materials properties. Rapid photocurrent rise and decay 
times are desirable to attain efficient THz radiation, therefore InAs and InP are attractive due to 
their small effective electron masses over other semiconductor materials. Other important 
material parameter include the maximum drift velocity, however is usually limited by the 
intraband scattering rate in direct gap semiconductors such as GaAs (Gallium Arsenide) [48,49]. 
The other factor is break down field of material, which determines the maximum bias that may 
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be applied. The radiating energy primarily comes from stored surface energy as static bias field, 
so terahertz energy scales up with the optical fluency and bias [50].  
In another category, THz waves are generated by optical rectification (nonlinear optical 
effects), which is based on the inverse process of the electro-optic effect [51]. In a similar way 
like photoconduction, femtosecond laser pulses are needed, but in contrast to photoconducting 
which requires the optical beam as a trigger, the energy of pulsed THz radiation comes directly 
from the exciting laser pulse in optical rectification mechanism. The conversion efficiency 
mainly depends on phase matching conditions and the non-linear coefficient of material. This 
technique was first demonstrated using LiNbO3 material for generating far infra light [52]. 
Optical rectification usually provides lower output power relative to photoconductive antennas, 
however it has the benefit of providing high bandwidths waves, up to 50 THz [53]. 
(b.) Narrowband THz sources 
Narrow band THz sources are important for high-resolution spectroscopy applications. 
These sources have applications in telecommunications fields, high bandwidth intersatellite links 
etc. These sources mostly used for generating low-power (<100 microwatt) continuous-wave 
THz radiations. It is achieved through conversion of lower frequency microwave oscillators.  
Examples include such as dielectric-resonator oscillators and voltage-controlled oscillators. 
Upconversion is achieved through a series of planar GaAs Schottky-diode multipliers to get 
frequencies as high as approximately 3 THz [54]. 
2.2.2 Terahertz Detectors  
THz detectors were studied in late 90’s and nowadays low temperature grown gallium 
arsenide (GaAs) is often used as a photoconductive antenna. Electro-optic sampling methods are 
also available for time domain detection as an alternate approach of photoconductive antenna, 
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which can be used to measure over 100 THz using an ultrafast laser source (10-fs-laser) and a 
thin nonlinear crystal such as GaSe [55]. DTGS (deuterated triglycine sulphate) crystals, 
bolometers, SBDs and SIS (superconductor-insulator-superconductor) junctions are normally 
used as conventional THz detectors [56-58].  
2.3 Physical theories: complex refractive index, dielectric 
constant and conductivity 
The complex refractive index ?̃? = 𝑛 + 𝑖𝜅 defines the expression for the transmission or 




 and imaginary part 𝜅 is called the extinction coefficient and directly proportional 







where 𝜆, is the free space wavelength of the light.  
Defining refractive index from Maxwell’s equations derivation,  
?̃? =  √𝜖𝜇 
where 𝜖 is dielectric function (or permittivity) which describes how easily an electric field 
penetrates the medium and the permeability μ details the magnetic response. The dielectric 
function is in general complex number, with an imaginary part 𝜖2 in spectral region with carrier 
absorption and defines as below 
𝜖̃(𝜔) = 𝜖1(𝜔) + 𝑖𝜖2(𝜔) 
The corresponding conductivity σ of mobile charges is also a complex number and states as 
below, 
𝜎(𝜔) = 𝜎1(𝜔) +  𝑖𝜎2(𝜔) 
which describes conduction model and material properties. This expression is valid for a 
monochromatic plane wave propagating in the ?̃? direction, with a time dependent electric field of 
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the form 𝐸(𝑡) =  𝐸0𝑒
𝑖(𝑘.𝑟−𝜔𝑡). Varying these parameters provide the essential information to 
sketch the doping profile. 
2.3.1 Drude-Lorentz Model 
The simplest model of the frequency-dependent conductivity of metals and 
semiconductors is described by the Drude-Lorentz approach and was first proposed by Paul 
Drude to explain the transport properties of electrons in conductors in 1900 [59]. The major 
assumption of this model is that elastic scattering events occurs in a free electron sea with a 
complete momentum randomization, i.e. electron-hole plasma is considered as a non-interacting 
gas (independent of energy). Any long-range interactions between ions or electrons, between 
only electrons are neglected except instantaneous collisions. Both DC and AC conductivity are 
thus determined through following equation: 
                                                             𝜎0 =
𝑁𝑒2𝜏
𝑚0
                                                                       (2.1) 









                                                 (2.2) 
where, 𝑁, 𝑒, 𝜏, 𝑚0  represent number of electrons per unit volume, electron charge (1.6 ∗
 10−19 𝐶), scattering time and mass of electron.  
The Drude response describes that the real component of the AC conductivity approaches 
to the maximum (DC, 𝜎0) and the imaginary part to 
𝜎0
1−𝑖
, when radial frequency is inversely 
proportional to the scattering time τ. In metals, this characteristic frequency 
1
𝜏
 is in the infrared 
range. These responses are not to be found experimentally. For materials like doped 
semiconductors with a much lower frequencies 
1
𝜏
, frequency dependent  conductivity closely 
follows the above relationship described in equation 2.2. When 𝐸𝑇𝐻𝑧 > 4𝑀𝑉𝑚
−1, the THz pulse 
may accelerate electrons sufficiently to alter their scattering rates, making Drude model no 
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longer considerable.  THz system available at RIT is having electric field less than the above 
value to avoid this case.     
2.3.2 Transfer Matrix Method (section taken from “Introduction to 
modern optics” by G. R. Fowles) 
Transfer matrix is normally used to describe the transmission and reflection behavior of 
light as a function of complex refractive index in multi-layer films. The transmitted and reflected 
wave vector and electric field of an incident light on a single dielectric layer of index n1 and 
thickness of L is described in below figure 2.2. In the figure 2.2, E0 is the amplitude of the 
electric vector of the incident beam (THz light); E0
′  is the reflected beam and ET of the 
transmitted beam. E1 and E1
′  are the electric field amplitudes of the forward and backward 
traveling waves, respectively, as shown in the figure 2.2.  
 
Figure 2.2 Illustration of transmission and reflection of light in a single dielectric layer. 
Applying boundary conditions at both the interfaces separated by thickness L that 
requires electric field and magnetic fields to be continuous and eliminating amplitudes E1 and E1
′ , 
we obtain the following expression,  










                                            (2.3) 
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Simplifying further, we get 




= (−𝑖 𝑛1sin 𝑘𝑙 + 𝑛 cos 𝑘𝑙)
𝐸𝑇
𝐸0
                                   (2.4) 
Writing in matrix form, we get 






















                        (2.5) 




] +  [
1
−𝑛0















The matrix  





−𝑖𝑛1 sin 𝑘𝑙 cos 𝑘𝑙
]                                                   (2.6) 
is called the transfer matrix. Here =
𝑛1𝜔
𝑐
 , a wave vectors which depends on the frequency and 




Now assuming we have N layers numbered 1,2,3,4, … … 𝑁 having indices of refraction 
𝑛1, 𝑛2, 𝑛3, 𝑛4, … … 𝑛𝑁 and thickness 𝑙1, 𝑙2, 𝑙3, 𝑙4, … … 𝑙𝑁 respectively. The reflection and 
transmission coefficients of the multilayer film are related by a similar matrix equation: 






] 𝑟 =  𝑀1𝑀2𝑀3𝑀4 … … 𝑀𝑁 [
1
𝑛
] 𝑡 = 𝑀 [
1
𝑛
] 𝑡                   (2.7)           
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where the transfer matrices of the various layers are denoted by 𝑀1, 𝑀2, 𝑀3, 𝑀4, … … 𝑀𝑁. Each 
transfer matrix is in the form given by the equation (transfer matrix of the thin film) with 
appropriate values of 𝑛, 𝑙, 𝑘.  The overall transfer matrix M is the product of the individual 
transfer matrices. Let the elements of M be A, B, C, D, that is  




solving equation 2.7 for r and t in terms of these elements, we achieve 
                                      𝑟 =
𝐴𝑛0+𝐵𝑛𝑛0−𝐶−𝐷𝑛
𝐴𝑛0+𝐵𝑛𝑛0+𝐶+𝐷𝑛
,   𝑡 =
2𝑛0
𝐴𝑛0+𝐵𝑛𝑛0+𝐶+𝐷𝑛
                                (2.8) 
2.4 Equation for the calculation of complex THz 
transmission [15]  
In our THz measurements, we do measurements in the time region of -10 ps to 35 ps 
(picoseconds), which includes the main peak and the first internal reflection peak. The equation 
described in section 2.3.3 calculates the transmission using infinite time range. Since we go up to 
only two peaks, a new equation should be introduced to calculate the THz transmission. The 




































𝐴𝑛𝑠𝑢𝑏 + 𝐵𝑛𝑠𝑢𝑏 − 𝐶 − 𝐷





























Chapter 3: Brief Overview: Semiconductor 
Doping  
3.1 Fundamentals of Doping in Semiconductors (Silicon) 
Doping plays a key role in all the electronic devices and the basic MOSFET parameters 
are affected by dopants distribution.  It refers to the process of introducing impurity atoms in a 
controlled way in order to define the electrical properties in semiconductor materials (usually III 
and V group species). The donors and acceptors doping modify the electron and hole 
concentration from 10
13




. The carrier concentration can also be spatially 
distributed fairly to create pn-junctions and produce built-in electric fields. Mostly 
semiconductor devices incorporate impurities (dopants) as a crucial ingredient to modify the 
electronic, optical characteristics and device structure. 
Ion implantation is the extensively used technology to introduce dopants into a 
semiconductor material to form integrated circuits and devices [60, 61]. This relatively low 
temperature process uses ionized dopants, accelerated to high energies by electric fields and 
directed into the wafer at particular angle. The main reason to use this technique is precise and 
control the doping in wafer. Dopants can be masked either by any material which is thick enough 
to stop the implant ions or by self-aligned implants. After the implantation process, 
semiconductor’s crystal structure is impaired by the implanted ions and the dopants are 
electrically inactive, since these are not part of the crystal lattice (occurs in majority of cases). A 
subsequent thermal annealing is needed to activate the dopants and to remove the produced 
crystal defects. 
The initial material used for the fabrication of devices is monocrystalline silicon. Silicon 
wafers are produced either by the floating-zone crystal growth technique or by the Czochralski 
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crystal pull method [62]. Dopants are added to the molten silicon during the growth process in 
order to achieve the certain resistivity of the wafers in the range from 1 ohm-cm to 30 ohm-cm.  
Silicon wafers with a (100) surface plane are normally considered in semiconductor 
manufacturing, because the silicon-silicon dioxide (Si/SiO2) interface provides the lowest defect 
density for this silicon [63]. At zero temperature, pure semiconductor material does not show any 
conductivity, as the vacant conduction band is separated by an energy gap Eg from the filled 
valence band. As the temperature is raised, electrons get thermal energy to move from the 
valence band to the conduction band. Electrons in the conduction band and holes in the valence 
band (the vacant orbitals) contribute to the electrical conductivity. 
3.2 Intrinsic Semiconductor 
An intrinsic semiconductor contains a negligibly small quantity of impurities relative to 
thermally generated electron and holes. The energy distribution of electrons in solids is given by 
the Fermi-Dirac statistics [64]. The Fermi-Dirac distribution is used to define the probability of 
an electronic state at energy E occupied by an electron in thermal equilibrium given by  






                                                        (3.1) 
The Fermi energy (EF), the energy at which the probability of electron occupancy is 
exactly one-half. The probability of not finding an electron at energy E, 1-f(E), i.e. the 
probability of finding a vacancy (hole) there. At absolute T=0K, all the states below the Fermi 
level (E<Ef) are filled, i.e. f(E)=1 and all the states above the Fermi level (E>Ef) are empty, i.e. 
f(E)=0.  At finite temperatures, continuous thermal agitation provides energy to excite electrons 
from the valence band to the conduction band and results in equal numbers of holes left in the 
valence band.  
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3.3 Extrinsic Semiconductor (Donors and Acceptors) 
In modern semiconductor devices, doping refers to the process of introducing impurity 
atoms to define type and number of free carriers into a semiconductor material and can be 
directed by an external applied voltage. The electrical properties of a doped semiconductor are 
usually described by either the band model or the bond model. The semiconductor becomes 
extrinsic and impurity energy levels are generated when a semiconductor is doped with 
impurities. 
         
Figure 3.1 Representation of p-type silicon (boron doped) and n-type silicon (phosphorous 
doped) 
As shown in above figure 3.1, the bond model is used to describe that a tetravalent silicon 
atom can be replaced either by pentavalent atom (group V) or a trivalent atom (group III). When 
arsenic (group V element) atom with five valence electrons is added to silicon, it forms covalent 
bonds with its four neighboring silicon atoms and the fifth valence electron due to relatively 
small binding energy to its arsenic host atom becomes a conduction electron at moderate 
temperature. This arsenic atom is called a donor and a donor doped material is denoted as n-type 
semiconductor. Such a doped material has a defined excessive electron (majority carriers) in the 
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conduction band, while the holes in the valence band, being few in number, are the minority 
carriers. In a similar way, figure 3.1 demonstrates the behavior of boron doped silicon (p-type 
silicon). Doped boron atom replaces a silicon atom, thus creating hole carrier in the valence 
band, therefore boron is referred as an acceptor impurity and form a p-type semiconductor. These 
dopant impurities used to control the conductivity of semiconductor material usually have very 
small ionization energies. 
3.4 Ion Implantation Technology 
Ion Implantation is a materials engineering process by which a focused beam of ions of a 
material are accelerated by electric fields and separated by magnetic fields and directed towards 
a target solid. This process is used to change the electrical and chemical properties of the 
targeted material. These ionized atoms have enough kinetic energy to penetrate into the material 
upon impact which causes a structural change, i.e. crystal structure of the target wafer can be 
either damaged or destroyed by these energetic ionized atoms. The basic feature of an ion 
implanter was invented by Shockley in 1957. The wafers are moved in and out of the vacuum by 
automated handling systems and processed one at a time or in batches.  
The ion source of implanter must be capable of producing stable beams of the common 
dopants belong to III and V group in periodic table such as boron, phosphorus, arsenic, 
antimony, and indium.  
3.4.1 Process Parameters for Ion Implantation 
The ion implantation process is determined by following process parameters [65]: 
(i) Dopant species 
(ii) Ion beam energy and implantation dose 
(iii) Tilt and twist angles 
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The easiest semiconductor device is the pn-junction diode (transistor) which can be simply 
fabricated by ion implantation.   
Ion implantation is process in which each ion follows an individual trajectory determined 
by their interactions with the target material atoms. The final position of an implanted ion would 
be just where it has lost all of its kinetic energy. The average depth of the dopant distribution is 
referred as the mean projected range (Rp) and the point where the donor and acceptor 
concentrations are equal is called the junction depth (Xj). Both of these parameters are shown in 
figure 4.4 of chapter 4.  
(i) Dopant Species 
Numerous dopant species are used for ion implantation applications as per needs. The 
Table summarizes some properties of the most important dopants (usually III and V group 
species) for MOSFET technology.  
Table 3.1 Parameters of common doping in silicon [65] 
Species Type Atomic number Mass (amu) 
Boron P 5 11.009 
Phosphorous N 15 30.974 
Arsenic N 33 74.922 
Germanium - 32 71.922 
Antimony N 51 120.904 
As listed in the table 3.1, boron is the common p-type dopant, whereas phosphorous, 
arsenic, and some time antimony are used for n-type doping. If different ions with the same 
energy are implanted, the heavier ions stop at shallower junction relative to the lighter ions due 
to the atomic mass. The boron atom (a very light atom) would have the broadest distribution and 
the largest projected range Rp, as a deeper penetration gives rise for more random collision with 
the target material atoms.   
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(ii) Ion Energy and Dose 
The amount of implanted ions is expressed by the dose (ions/cm
2
) and penetration depth 
of these ions is mainly controlled by ion energy. This energy spans from 100 eV to 3 MeV, and 






. Typically energies with few keV at high dose are 
used to achieve ultra-shallow junctions, whereas medium range energies are required to attain 
poly doping or halo implant. Higher energies with low dose are used for the applications such as 
retrograde wells. Lower mass atoms are typical implanted at lower energies than heavier species 
as per doping applications. The dose (ions/cm
2
) depends on device design requirements, however 
independent of the dopant species. The process parameters dose and implantation energy can be 
controlled quite accurately through electrical measurements. Figure 3.2 shows the experimentally 
measured mean projected range Rp of the few dopant species as a function of the implantation 
energy [66, 67]. From figure 3.2 it can be interpreted easily that lower mass species have the 
larger projected range as described earlier. Thus, boron has the largest projected range of all the 
dopants, while antimony has the short projected range due to a large difference in masses. 
 
Figure 3.2 Projected range (Rp) for some common dopants in silicon [65]. 
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The total dose Q is the area under the dopant concentration profile 𝐶(𝑧) from the wafer 
surface to at least the junction depth 𝑋𝑗, is given by 











 aimed at the formation of highly conductive 
regions and is confirmed by the solid solubility of the dopant species in the target material. For 
dopant concentrations greater than the solid solubility, the excessive dopants would precipitate 
and form immobile clusters during the Rapid thermal Annealing (RTA) process and therefore 
cannot be activated.  
(iii) Tilt and Twist Angle 
The ion beam direction with respect to the wafer crystal orientation is defined by the tilt 
and twist angle, as shown in figure 3.3. The angle between the ion beam and the normal to  
 
Figure 3.3 Definition of tilt and twist angle for the ion beam. 
wafer surface is defined as tilt angle. Wafer rotation or twist is described as the angle between 
the plane containing the beam and the wafer normal, and the plane perpendicular to the primary 
flat of the wafer containing the wafer normal.  
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Chapter 4: Electrochemical Anodic 
Oxidation 
4.1 Silicon Dioxide (SiO2) thin films 
Silicon dioxide (SiO2) insulating thin films are most widely used in the production of 
silicon-based semiconductor devices such as integrated circuits (ICs), microelectrochemical 
systems (MEMS), masking against implantation of dopants in the silicon, gate components in 
metal oxide semiconductor field effect transistors (MOSFET) [68, 69] etc. Silicon dioxide (SiO2) 
is preferred over other insulating films (dielectric films) due to its ease of fabrication, 
exceptional insulating properties, selective etching and high quality Si-SiO2 interface. Physical 
vapour deposition (PVD) and chemical vapour deposition (CVD) are common techniques to 
grow high quality SiO2 oxide thin film thermally and are widely employed [70]. However, high 
processing temperature (~1100
0
C) causes redistribution of dopants in silicon substrate during 
oxidation and develops stress at Si-SiO2 interface during oxide growth which leads to twist or 
bend silicon wafer and silicon oxide [71-73]. Several new ways have been developed to reduce 
the process temperature. Plasma enhanced chemical vapour deposition (PECVD) [74], 
atmospheric pressure chemical vapour deposition (APCVD) [75], sputtering [76], liquid phase 
deposition [77], wet anodic oxidation [78-79] are few low temperature thin film deposition 
techniques, however every process has its own pros and cons. Among these low temperature 
methods, anodic oxidation is one of the promising ways to grow thin films at room temperature 
or even below it [80]. Several research groups have studied anodically grown oxide thin films for 
dielectric elements in MOSFET devices [81, 82]. This oxidation process has a number of 
advantages over other methods i.e. low cost, the oxide thin film may be doped with electrolyte 
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ions, simple experimental setup, and a room temperature process which does not involve any 
toxic gases and minimizes the dopants redistribution.     
4.2 Experimental setup 
In the past, organic solvents such as N-methyl –acetamide (NMA), tetrahydrofurfuryl 
alcohol (THFA) and methanol containing an inorganic salt have used as an electrolyte for 
electrochemical anodic oxidation [80]. In present work, 90 % ethylene glycol (EG), 10 % 
deionised water (DI water) and a salt of 0.05M concentration potassium nitrate (KNO3) is used 
an electrolyte [83]. Here, we investigate thin films grown using anodic oxidation of ion 
implanted silicon under potentiostatic conditions, i.e. when the applied voltage between the 
silicon anode and a platinum cathode is kept constant and the current through the anodic circuit 
changes with time during the process.  
The electrolyte cell consists of 100 ml of solution in a beaker of 250 ml above which two 
alligator clips are suspended as showed in figure 4.1. One clip leads from positive output of a 
constant voltage source is attached to the silicon (anode), the other is connected to platinum 
mesh (cathode). Both electrodes are inserted in the electrolyte. The anodic oxidation is 
performed under constant voltage conditions, i.e. potentiostatistically, at room temperature 
(22
0
C). As evolved gas bubbles stick to the sample causing non uniform oxide growth, magnetic 
stirrer is used to agitate solution. The current variation with time is also monitored. For each 
specimen oxidation, a fresh electrolyte is prepared to avoid contamination of the solution by 
uptake of water or by decomposition products.   
The chemical reactions [83] for this electrolyte solution are, 
𝐶2𝐻4(𝑂𝐻)2   ↔ 2𝐻𝐶𝐻𝑂 + 2𝐻
+ + 2𝑒− 
𝑆𝑖 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 + 2𝑒




Figure 4.1 Electrochemical anodic oxidation set up 
4.3 Study of SiO2 growth electrochemically and influences of 
other parameters 
Figure 4.2 shows the silicon oxide thickness as a function of the applied voltage for a  
fixed anodization time 10 minutes.  
 
Figure 4.2 Silicon oxide thin film growth study with voltage. 
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The change of oxide film thickness with applied voltage can be expressed by the following 
relationship 
                                                               𝑑𝑜𝑥
𝑒𝑥𝑝 = 𝑑𝑜𝑥
0 + 𝑚𝑉                                                       (4.1) 
Where, 𝑑𝑜𝑥
𝑒𝑥𝑝
 is the experimental oxide thickness, 𝑑𝑜𝑥
0  is the thickness of native (air-formed) 
oxide, m is a constant and V is the applied voltage. From the figure 4.2, we yield  
𝑑𝑜𝑥




The theoretical value of oxide thickness can be calculated by   




                                                           (4.2) 
Where, 𝑄𝑝𝑎𝑠𝑠 is area under current-time plot (120V and 10 minutes are considered), i.e. 𝑄𝑝𝑎𝑠𝑠 =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ∗ 𝑡𝑖𝑚𝑒 for anodization process and the value is 3 C/cm2 
M is the molecular weight of silicon oxide = 44 g 
z is the number of electrons transported during anodization = 4   
F is the Faraday constant = 96500 C and 
𝜌 is density of silicon oxide  = 2.65 g/cm3  
Inserting the above values in equation 4.2, we calculate theoretical silicon oxide thickness, which 
comes out be 𝑑𝑜𝑥
𝑡ℎ𝑒𝑜𝑟= 1300 nm 
From figure 4.2, we get the experimental measured oxide thickness  
𝑑𝑜𝑥
𝑒𝑥𝑝
= 90 nm 









Combining all the above equations, we obtain the growth efficiency of this oxidation process, 
which is 
𝑛 = 6 % 
Which means that only 6 % of the charge passed supports the silicon oxide growth whereas the 
remaining 94 % of the charge is consumed for the creation of non-growth current, i.e. mainly 
electronic and dissolution currents. This calculation is done from the reference [80]. 
In this work, we also study the impact of time on the growth of oxide at two different voltages 
(100 V and 120 V). It can be easily seen that as thickness of oxide increases with the time, 
however for longer period it does not increase so fast.  
 
Figure 4.3 Study of silicon oxide growth with time at 100 V and 120 V.  
4.4 Sample preparation  
The doping profile mapping is demonstrated in a regular silicon wafer (CZ, 475-575 µm, 
boron –doped, (100), 10-25 Ω-cm) and one face mechano-chemically polished. A thin film of 
~17 nm dry oxide is grown on wafer surface using a Bruce furnace and the thickness is 
confirmed through Nanometrics Spectrophotometer. A Varian 350D ion implanter is used to 
implant phosphorus ions with a dosage of 5 ∗ 1015atoms/cm2 into the sacrificial oxide layer at 
100 V 120 V 
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60 keV energy. Subsequently rapid thermal annealing (RTA) is done to activate the dopant to go 
in interstitial sites. Hydrofluoric acid (HF) is used to remove the top dry oxide layer. The 
resulting doping profile is measured from SIMS (Secondary Mass Ion Mass Spectrometry), 
Qspec Inc., as depicted in the figure 4.4 with an uncertainty of±5% in measurement.  
 
Figure 4.4 SIMS profile of the sample and sheet resistance measurements with respect to 
etched silicon. 
The ion-implanted silicon wafer is diced in approximately 16 pieces. In our experiment, 
we supply the constant voltage 120V for 5-10 minutes to grow approximately 50-90 nm of 
silicon oxide thin film. To protect the backside from oxidation, we wrap another silicon sample, 
with approx. 1.2 µm thick silicon dioxide during entire process. Thirteen samples are prepared 
using anodic oxidation process. These samples are 20, 40, 60, 80, 100, 130, 160, 170, 200, 220, 
240, 260, and 320 (in nanometers) in terms of etched silicon thickness. The thickness of anodic 
silicon oxides are carried out using ellipsometer (Rudolp IV ellipsometer). The successful 
oxidation is confirmed by measuring sheet resistance change in samples after removal of oxide 
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thin film using buffer oxide etch (BOE consists of ammonium fluoride & HF, 10:1). The sheet 
resistance is measured using four point probes method (CDRES Map) and shown in figure 4.4. 
The sheet resistance starts increasing when we remove the carriers in the ion implanted sample 

















Chapter 5: Results 
5.1 THz measurements in time domain 
The photoconductive system at RIT has the frequency bandwidth limited around 1.2 THz 
and can be potentially extended up to 8 THz using plasma system. The THz measurements and 
data analysis are done on all the samples fabricated (using anodic oxidation) to clearly observe 
the THz radiation change with carrier concentration. All the samples are characterized for the 





450 nm respectively in as-implanted sample here at RIT SMFL (Semiconductor and 
Microsystems Fabrication Laboratory). The implantation energy 60keV drives phosphorus atoms 
to a deeper location, origins the bump in profile in heavily doped region during the annealing 









; whereas sheet resistance measurement 




as shown in figure 4.4 in 




as the substrate concentration in our modeling 
process.   
Figure 5.1 shows the THz pulse change in the time domain for few samples, which 
demonstrate again the profile recognition ability reported in previous work by C. J. Yen et al. 
[84]. As we begin etching heavily doped regions, the amplitude (mV) of THz radiation increases 
as a function of removal oxidation thickness. The black curve is the reference air scan in this 
case and gives the maximum THz transmission which is approximately 1 mV amplitude. The 
silicon sample’s, 1
st
 internal reflection peak has a bigger shape distortion and smaller amplitude 
change, which results from the ×3 traveling patch inside the sample. The peak amplitude 
increases with the removal of more doped silicon and the peak location starts shifting to left as 
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we start etching the doped regions. Time domain plots help us to recognize the doping 
concentration change and plentiful information in the frequency domain to map the accurate 
profile. 
 
Figure 5.1 Time domain measurements of silicon samples. 
5.2 Demonstration of Reverse mapping of doping profile 
The earlier published work by Chih Yu et al. indicates that the doping profile has unique 
dispersion (different phase shift between different frequencies) and also unique patterns of 
internal reflection at different frequencies [84]. These results have unique transmission spectrum 
and could be considered similar to fingerprint. Considering all these factors, the power 
transmission ratios in the frequency domain delivers a sensitive indicator to dopants 
concentration. This encourages us to predict doping profile using frequency domain spectra.  
Reverse mapping is considered as an example to demonstrate profile construction. The detailed 
40 
 
process of doping profile prediction is illustrated in Figure 5.2. In our experiments, air scan is 
defined as the reference for the calculation of power transmission ratio.  
 
Figure 5.2 Demonstration of reverse mapping via destructive way 
Considering samples with known doping profiles, the anodic oxidation technique is used 
to remove fixed thickness of silicon in each cycle. It can be applied either on the same spot of the 
sample each time to etch fixed thickness or couple of pieces (samples) diced from the wafer to 
target particular thickness independently. A better thickness control and high THz measurement 
accuracy are expected using the 2
nd
 option, which is implemented here in this theses work. The 
THz measurements usually consist of air, Si substrate and ion implanted Si sample. The air and 
ion implanted sample (with different etched layers of ion implanted silicon wafer) scans are used 
to construct the doping profile in each cycle and the silicon substrate scan is used as a reference 
to detect the junction depth. The profile junction depth can be determined when both the ion 
implanted sample and silicon substrate THz spectra are almost identical. The residual doping 
profile is considered as the substrate carrier concentration (intrinsic carriers in silicon). Based on 
the empirical refractive index information from C. Y. Jen et al. (manuscript submitted), the 
residual profile induced THz absorption should be negligible. The etched silicon thickness is 
typically calculated from the measured SiO2 thickness multiplied by a fixed ratio of 0.46. Precise 
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thickness of etched silicon is essential to determine the profile concentration. The determination 
of other key factors, substrate concentration and thickness, can be found in another previous 
work [85]. The profile construction process initiates from the last etched sample (where the 
junction depth is) and concludes with the as-implanted sample. That’s why we call it “Reverse 
Mapping” in our research. In the backward prediction process, the profile predicted in the “(n+1) 
th” cycle sample is used as the basis to estimate the “n th” cycle segment concentration. The 
segment concentration is determined by achieving a negligible (minimum) difference in power 
ratio between the THz measurements and the predicted power ratio from the transfer matrix 
(chapter 2, section 2.4). The derived equation (ML-Two Peaks equation, chapter 2, section 2.4) is 
applied to estimate the complex transmission accurately from the first two THz peaks through 
the empirical refractive index (C. Y. Jen et al., manuscript submitted). In this demonstration, the 




, the substrate thickness is 523µm and the 
modeling region is 500 nm (the profile junction depth from SIMS). 25 segments with 20nm 
section width are used in the modeling process. Figure 5.3 shows both experimental and 
theoretical power ratios for all the samples. The difference in is negligible for both experimental 
and modelling process spectra. Reiterating the same procedure, the doping profile is constructed 








5.3 Experimental and theoretical results   
Here we discuss both the experimental and theoretical power transmission ratio for all the 
























Figure 5.3 Both experimental and predicted results (spectra and reverse doping profile). 
5.4 Doping profile using sheet resistance (Irvin’s curve) 
For simple doping profiles, following Gaussian or complementary error function (erfc) 
distributions, sheet resistances (Rs) can be readily used to understand carrier concentrations using 
Irvin’s curves [86]. In chapter 4, figure 4.4, we observe that sheet resistance (Rs) increases as the 
carrier concentration decreases. What should be the best possible result if we use sheet resistance 
combined with the etched Si layer to predict doping profile? In the practice, the n-type Gaussian 




 is selected to determine peak 
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concentrations of all cycle etched samples through their Rs measurements. Multiplying Rs with 
corresponding junction depth gives us the RsXj value to estimate the surface carrier 
concentration. Lastly, plotting these carrier concentrations from the Irvin’s curve to junction 
depth yields the approximated doping profile, shown in Figure 5.4. 
5.5 Benchmark and comparison  
Figure 5.4, shows the doping profiles measured using SIMS, sheet resistance and THz 
time domain spectroscopy. Doping profile measured using sheet resistance provides a rough idea 
where as SIMS and our THz-TDS technique matches quite closely except in heavily doped 
regions. This is explained by chemical profile versus electrical profile. SIMS measures the 
concentration of all the phosphorous atoms (both interstitial and substitutional atoms) whereas 
THz measures only electrically active i.e. substituitonal phosphorous atoms. 
 






Chapter 6: Conclusion 
Here we demonstrate, the transmission mode terahertz-Time Domain Spectroscopy (THz-
TDS) combined with the electrochemical anodic oxidation (destructive) technique to study 
electrically active phosphorus dopants to map doping profile in non-contact way. In this work, 
the anodic oxidation is carried out to achieve a controllable SiO2 thin film (can be attained up to 
1 nm) to remove précised silicon layer. Predicted doping profile is benchmarked with the 
standard technique SIMS (Secondary Ion Mass Spectrometry) and doping profile using sheet 
resistance with Irvine’s curve. It is obvious from the figure 5.4 that SIMS measurement is in 
good agreement with doping profile prediction using the new concept, but profile using sheet 
resistance is somewhat gives us a rough idea. Although both techniques have some limitations. 
Relative to the SIMS profile, the predicted profile carrier concentration is lighter in heavily 
doped regions but quite consistent in moderate and lightly doped regions. This phenomenon is 
pretty reasonable and can be explained by considering the difference between a chemical doping 
profile and an electrical doping profile. Many previous published papers indicate that inactive 
dopants are typically created in a diffusion process or an ion implanted process with a highly 
inserted dosage and the induced profile difference has been studied using both ECV and SIMS 
methods [2, 87-88]. The plateau profile is frequently observed via ECV in heavily doped regions. 
The profile difference in figure 5.4 identifies the same behavior since THz-TDS measures the 
free carriers to predict electrical doping profile, similar to ECV.  
As expected, the predicted doping profile from Irvine’s curve doesn’t seem to be in good 
agreement with other techniques. Doping profile via sheet resistance is typically applicable if 
junctions are reasonably deep and not easy to deal with profiles with shallow junctions. 
Furthermore, if the concentration profile is neither in Gaussian nor in complementary error 
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function form, obtained result will be incorrect, inconclusive and will provide inconsistent 
profile. Industries mostly deal with shallow junction profiles these days, therefore mapping 
doping profile using sheet resistance from Irvin’s curve would not be a right practice. 
Relative to other standard practices, the profile we generate has an advantage over others 
to reflect reasonably more accurate electrical performance with spectra in THz regions. With the 
usage of the derived “ML-Two Peaks” equation and empirical refractive index information (C. 
Y. Jen et al., manuscript submitted), the experimental results indicate that estimated power 
transmission ratios match quite well with the THz spectra measurements for almost all samples. 
THz measurements are reiterated to see the reproducibility of spectra in two different time 
frames and found that these are quite consistent. Electrochemical oxidation is considered to grow 
and control silicon oxide thickness in this work; however from the industry applications 
perspective, other methods can be considered as alternative options to achieve same or even 
better thickness resolution. Reverse mapping is proposed to demonstrate the doping profile 
construction. The reverse way to map doping profile uses simple and straight forward concept to 
construct it in a reverse sequence. The outcome points a significant discrepancy in heavily doped 
regions, which can be interpreted as inactive atom dopants in this region as described earlier. 
Furthermore, the profile prediction from Irvine’s curve doesn’t come close to any of the 
described method for the shallow junctions. In this research, essential information from (C. Y. 
Jen et al., manuscript submitted) is implemented to predict the doping profile in a destructive 
way using THz-TDS. The relative stand-alone system can be designed to measure the doping 
profile remotely like other destructive techniques. The transmission mode schematic is only 
applicable for samples with THz survived after the light penetration. This method can be utilized 
to study dopants in other semiconducting materials like III-V group. The estimated doping 
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profile should provide the important message (C. Y. Jen et al., manuscript submitted) to benefit 
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B. Derivation of complex transmission equation 
The measurement period of our lab THz-TDS mainly covers the information from the 
first two peaks. Therefore, this equation is modified from the equation, which describes infinite 
peaks, to predict the complex transmission from the first two THz peaks. THz Transmission 𝐸?̃? 
of the first two peaks is considered as the superposition of 𝐸𝑇1
̃ + 𝐸𝑇2
̃ . In this case air scan is used 
as the reference. 
 
































































































































































∴ 𝑡𝑇𝐻𝑧_𝑀𝑒𝑎𝑠𝑢𝑟𝑒̃ = 𝑡𝑇𝐻𝑧1̃ + 𝑡𝑇𝐻𝑧2̃  
 
 
 
 
 
 
 
 
 
 
